We have used the Multichannel Subtractive Double Pass Spectrograph of the Meudon solar tower to obtain high spatial resolution Ha line profiles during the gradual phase of three solar flares. In all cases small blueshifts lasting for several hours are observed in the flare ribbons. By contrast, the region between the two ribbons exhibits large redshifts that are typical of Ha post flare loops. We interpret the blueshifts in the ribbons as upward chromospheric flows of 0.5-10 km s _1 and discuss the possible ambiguities of the interpretation. A preliminary analysis indicates that such upflows are sufficient to supply the >10 16 g of mass needed to maintain a dense (n « 10 12 cm -3 ) Ha postilare loop system in the corona.
I. INTRODUCTION
One of the most conspicuous aspects of large solar flares is the formation of two Ha ribbons in the chromosphere a few minutes after flare onset. These ribbons are located at the feet of an arcade of flare loops in the corona, and both the ribbons and the loops are long-lived features which may persist for 10 hr or more after flare onset (for reviews see Pneuman 1981; Priest 1982) . The height of the loops and the distance between the ribbons increase with time, but the increase is not due to simple mass motions of the coronal and chromospheric plasmas in which the loops and ribbons are embedded. Doppler-shift analyses and the examination of the individual small-scale structures within the loops and the ribbons show that the apparent motion is caused by the continual fading of old loops and the progressive appearance of new ones (Bruzek 1964; Martin 1979; Engvold, Jensen, and Andersen 1979) . Initially, the separation velocity of the ribbons and the apparent upward velocity of the loops is rapid, >50 km s -1 , but after a few hours they decrease to < 1 km s~1 (Nolte et al 1979) .
To account for these motions, Carmichael (1964) , Sturrock (1966) , and later Kopp and Pneuman (1976) proposed that open coronal magnetic field lines continually reconnect to form closed magnetic loops. The reconnection of the open field lines occurs at magnetic X-line which moves upward as the region of closed loops grows, and the loops and ribbons are associated with the field lines which map from the X-line to the chromosphere. Recent observations continue to support this picture (Poletto and Kopp 1986; Hanaoka and Kurokawa 1986) .
The temperature of the flare loops ranges from 10 to 3 x 10 7 K (Lin, Lin, and Kane 1985) , with the cooler loops 1 Permanent address : Institute for the Study of Earth, Oceans and Space, University of New Hampshire, Durham.
2 NAS/NRC Research Associate on leave from Observatorio de Física Cós-mica, San Miguel, Argentina. located just below the hotter ones (McCabe 1973) . Compared to the corona, the density of both the hot and cool loops is unusually large, on the order of 10 11 cm -3 for the hot loops (Withbroe 1978) and 10 12 cm -3 for the cool loops (Zirin 1986 ). The plasma in the cool flare loops is observed to flow down the legs of the loops at speeds on the order of 50 km s~1, and so it has been inferred that 10 16 -10 17 g of material flows through the flare loop system during its lifetime (Kleczek 1964) .
Although the reconnection process naturally explains the existence of the high temperatures in the hot loops (Cargill and Priest 1983; Forbes and Malherbe 1986h) , it cannot alone explain the high densities in the loops or the presence of the cool loops. One way to account for these is to invoke the additional processes of chromospheric evaporation and thermal condensation (Goldsmith 1971; Antiochos and Sturrock 1978; Antiochos 1980; Oran, Mariska, and Boris 1982) . The thermal condensation process is now generally accepted as the mechanism which forms the cool loops from the hot loops, but the chromospheric evaporation process remains somewhat controversial. Evidence does exist for the existence of evaporation during the flash phase (Widing 1975; Doschek 1983; Antonucci, Gabriel, and Dennis 1984) , but to date there has been little evidence that evaporation continues into the gradual phase. Here we present tentative evidence for such continuing evaporation.
Our evidence is based on analysis of Ha line profiles obtained with the Multichannel Subtractive Double Pass Spectrograph (MSDP) for three flares. In all three events, blueshifted profiles are observed in the flare ribbons. We believe the simplest and most likely interpretation of the blueshifts is that they are due to a sustained plasma upflow of 0.5-10 km s _1 in the chromospheric flare ribbons. The existence of an upflow in the ribbons is consistent with the " gentle " evaporation process postulated by Antiochos and Sturrock (1978) and with the reconnection model proposed by Forbes and Malherbe (1986a, b) .
II. OBSERVATIONS a) Instrument Descriptions
The MSDP is designed to observe simultaneously nine channels in the Ha line within ± 1.4 Â of the line center (Mein 1977) . The elementary, two-dimensional field of view is T x 8' and has a pixel resolution of 1" x 1". A global field of view of 3' x 8' is obtained by a juxtaposition of three elementary fields obtained during a 1 minute period, and the line profile is reconstituted from the nine channels for each of the 86,400 pixel locations within the two-dimensional global field of view. Data processing is performed to provide standard intensity and Doppler shift maps in Ha at ±0.3 Â from the center of the line. We detail the reducing techniques in § lie.
Because the MSDP instrument mode in 1980 and 1981 produced images only once every minute, reliable shifts could not be obtained for a flare's flash phase. Even if this were not the case, it is still doubtful that we could have obtained useful results for the flash phase, since the high velocities (£10 2 km s -1 ) that are known to occur at this time (Ishimoto and Kurokawa 1984) produce Doppler shifts which lie outside the limited dispersion range at which the MSDP was operated in 1980 and 1981. There is also the additional complication that the standard method (cf. § lie) that we use to interpret the absorption profiles cannot easily be extended to the emission profiles typical of the flash phase. However, for the long-lived gradual phase ( > 5 hr), the ribbons are often in absorption and the inferred upward velocities are relatively small 5 km s _ 1 ), and so for this phase the MSDP is often quite suitable. (Here " absorption " refers to a line profile which dips below the continuum.)
In addition to data from the MSDP, we also include data from the hard X-ray imaging spectrometer (HXIS) aboard the Solar Maximum Mission satellite (SMM) to examine the structure of the coronal loop above the chromosphere on 1980 November 12. HXIS images X-rays in six energy bands between 3.5 and 30.0 keV, with a spatial resolution of 8". Further details on the HXIS instrument can be found in Van Beek et al (1980) . The mutual positioning of the HXIS and the MSDP was determined by using the spectroheliogram obtained at Meudon (1980 November 12, 10:09 UT) and the targeting coordinates of SMM. Therefore the uncertainty in the positioning is ~ ± 5". Magnetograms were obtained from the Meudon magnetograph data of 1980 June 22 at 09:36 UT and 1981 May 16 at 08:21 UT, and from the Kitt Peak magnetic field maps of 1980 November 12 (see Machado et al. 1986 ). b) Overview of the Active Regions On 1980 November 12 the flare occurred at 11:02 UT, in NOAA active region 2779, which was located close to the disk center (SOS W12) and showing a high level of flare productivity (De Jager, Boelee, and Rust 1984; Machado et al. 1986) . A feature of the 11:02 UT flare common to all other events situated within the central portion of the active region is that the initial X-ray brightening occurred over a rather limited region along the central neutral line and then spread later to a more widely extended area. This behavior is clearly apparent in the HXIS soft (3.5-8.0 keV) X-ray contour plots of Figure la (Plate 13), and it is entirely consistent with the observed Ha development which outlines the chromospheric feet of the X-ray loops. It thus indicates that the dynamic evolution of the magnetic energy release process is, in many respects, very comparable to the behavior observed in NOAA active region 2372 during 1980 early April in a similar magnetic configuration (Machado et al. 1983) . Note also that the onset of brightening was located over a limited region of highly sheared fields, again like the April region, as observed in vector magnetograms from Marshall Space Flight Center (Machado et al. 1986 ). As shown in Figure 1c , remnants of the flare ribbons are still visible 3 hr after the maximum at 13:58 UT.
On 1980 June 22 the flare began at 13:07 UT in the active Region 2517 located at S07 W13. Many details about the activity of this region during the period June 16-23 are reported in the study of Martin et al. (1982) . The filament activity before the two-ribbon flare has also been studied by Simon et al. (1984) using MSDP observations, the Meudon magnetograph, and white light photographs from Debrecen. The two ribbons are clearly seen by the MSDP at 13:06 UT to be on both sides of the neutral line of an emerging flux region (EFR). A few minutes later, the filament reforms in the region between.
The large 3B/X1 flare of 1981 May 16 in the NOAA region 3106 has been widely observed (for a review, see Kaastra 1985) . The active region was located at 12N 10E when the flare occurred around 8:14 UT, after the eruption of the filament at 7:54 UT ( Fig. 2 [PI. 14]). Shortly after 8:14 UT, two ribbons formed and proceeded to separate with a velocity of 12 km s~1 during the first 15 minutes (Ishkov and Kalman 1986) . The contours of the emission observed in X-rays by the Satellite Hinotori indicate the existence of loops crossing the neutral magnetic field line and rooted in the chromospheric ribbons in a manner similar to that of the 1980 November 12 flare. Some investigations of line-of-sight velocities have already been made by Xu (1986) using the Ha spectroheliograph at Yunan Observatory. He inferred from the observed large redshifts velocities of ;> 50 km s " 1 in the legs of the cool postflare loop system. Furthermore, after analyzing the velocity gradients he concluded that the plasma at the top of the loops had been accelerated magnetically, as well as gravitationally, in the downward direction.
c) Velocity Analysis
The MSDP provides nine simultaneous intensity images over a range of ± 1.4 Â in the Ha line profile, and these images allow us to construct for each pixel a line profile consisting of nine points spaced 0.3 Â apart (Mein 1977) . To reduce the data we apply the A-meter technique: we first construct a mean profile over the quiet Sun regions of each elementary field of view, and then, for the mean profile and the profile at each pixel, we find the points in the profile where the half-width is ÀA. The wavelength shift of each AA chord from the mean is used to calculate the velocity, and the relative depth of the chord determines the relative intensity (Mein 1977) . We choose AA = ±0.3 Â, because in this wavelength region the profile variation is linear and the intensity arises from chromospheric levels. This is not true for emission profiles, and hence, velocities of flaring points which are in emission are not computed. The precision of the velocity values at each pixel is ~ ±0.5 km s -1 . In Figure 1 we present the velocity maps obtained on 1980 November 12 at 11:02 UT, just before the maximum brightness of the Ha ribbons, and at 13:58 UT, 3 hr after the maximum brightness of the Ha ribbons. Nearly all the profiles are in absorption and can be interpreted by the A-meter method. Blueshifts occur extensively in the ribbons, and comparison with the X-ray contours shows that the blueshifts are especially strong in the vicinity of the regions corresponding to the inferred X-ray footpoints. When interpreted as an upflow, these blueshifts correspond to velocities of 3-4 km s 1 at 11:02 UT and 1-2.5 km s _1 at 13:58 UT (see the cross sections in Fig. 3 ).
On 1981 May 16, the flare is larger, and the velocity of many points in the central regions of the ribbons cannot be computed by the standard method. Nevertheless, as can be seen in Figure 2 , almost all the ribbon regions for which the velocity can be determined show strong blueshifts. In the narrow region between the ribbons, strong redshifts have started to appear (left end of upper ribbon in Fig. 2 , upper right, see also Fig. 4) , and careful overlay of the intensity image with the Dopplershift image shows that these redshifts are adjacent to the ribbons. These redshifted regions correspond to the postflare loops, which have just started to become visible in the Ha intensity maps at this time. At 09:07 UT, the postflare loop system is apparent, and the corresponding area of redshifts is extensive (Fig. 2, lower left and lower right) . Because the active region is not exactly in the center of the disk, part of the postflare loops project over the irregularly shaped lower ribbon. In these regions the ribbon's intensity is greatly diminished and the Doppler shift of the ribbon is obscured by the Doppler shift in the loops. standard method, Mein 1977) , to values ranging from -45 to -50 km s _1 (see Figs. 4 and 5) if we assume they represent an optically thin cloud. This latter procedure was previously used for chromospheric ejections and filaments, and it gives an upper limit of the actual velocity, since the effect of adding a source function is to decrease the inferred radial velocity (Schmieder et al 1984; Malherbe, Schmieder, and Mein 1983; Mein et al. 1986 ). Xu (1986) has found flow velocities of -50 to -100 km s -1 with the "center of gravity" method for the same 1981 May 16 event. Blueshifts of the same order as those on 1980 November 12 are again apparent, and, as before, they seem to decrease with time. By comparison, many of the redshifts have higher values on the order of -15 to -25 km s"" 1 . Again for the 1980 June 22 event, blueshifts are apparent in the ribbons with redshifts in the region between them. d) Ha Line Formation As mentioned earlier, we focus our present study on the observed behavior of the gradual phase, which lasts several hours in two ribbon type of events. Throughout this period persistent blueshifts, as determined from the standard method, are observed in the flare ribbons (Figs. 5a and 5b ). Yet, the interpretation of these absorption profiles is by no means straightforward, as we now proceed to demonstrate in qualitative terms with the help of the semi-empirical flare atmosphere models of Machado et al (1980, hereafter MA VN) .
In Figure 6a we plot the temperature versus mass column density profiles of MAVN models FI (weak flare) and F2 (strong flare). The computed Ha profiles for these two models, which are shown in Figure 6c , relate to the different behavior of the line source functions (Aboudarham 1986 ). These are shown in Figure 6h , together with the continuum Planck function B(T) for model FI, where the letters "u," "h," and "c" denote the heights at which the particular features of the line profiles originate (cf. Fig. 5c ). The single-peaked profile due to the F2 model (strong flare model) reflects the high opacity and strong collisional coupling of the Ha source function S 2 to its respective Planck function, even at the base of the transition zone. As shown in MAVN, this behavior only occurs in stratified homogeneous models under high pressure and temperature gradient conditions. Such conditions are characteristic of the flaring chromosphere during the flash phase and lead to strong emission-line fluxes and highly Stark broadened profiles (Svestka 1976) . For the gradual phase, lower pressure conditions as in FI (weak flare model) should occur, and these inevitably lead to central reversal of the chromospheric profiles. This is due to the decoupling of S with respect to B(T) for optical depths smaller than the thermalization length, as shown in the Si plot of Figure 6b Athay (1970, 1972, 1976) has given detailed reviews of the effect of differential motions in computed profiles, and we use here his basic results to estimate the observational consequences of evaporative upflows in the upper levels of the flare chromosphere and lower transition zone, where the core of the Ha line is formed. Simple considerations show that the upward motion should lead to a profile with enhanced red wing emission and blue depression in the case of an F1-type profile, due to the blue Doppler shift of photons which originate from the low-S, expanding region. Such a profile would then be qualitatively similar to those that we observe in the flare ribbons.
A possible alternative to the Fl model is to assume that the emission arises from a hot (>10 4 K) downward moving "cloud," which emits a single-peaked, Doppler-shifted, asymmetric Ha profile. The superposition of such emission on the undisturbed chromospheric absorption line may lead, under particular conditions, to blueshifted profiles. This alternate interpretation cannot be discarded, but we note the following two aspects that make it less attractive than the upflow hypothesis. First, a hot "cloud" interpretation carries with it the implication that the Ha emitting material should cool and condense in situ above the ribbon area; yet, as noted before, spectroscopic evidence locates the falling loop prominence material in the region between the ribbons (Rust and Bar 1973) . Second, the presence of a hot "cloud" over the ribbons will lead to asymmetrical profile, since such a hot "cloud" model has significant velocity gradients (Athay 1976). However, our observed profiles are preferentially symmetric (Fig. 5b) , and therefore they favor the interpretation of the blueshifts as an upward flow rather than a downward flow. Figure 7 is a schematic diagram of the flow pattern that we envision to occur in the flare loop system during the gradual phase. It is basically similar to the configuration proposed by Carmichael (1964) , Sturrock (1966) , and Kopp and Pneuman (1976) except for two features. First, the magnetohydrodynamic chock structures near the X-line have been redrawn to conform to the results obtained from recent numerical studies by Forbes and Priest (1983) , Malherbe, Forbes, and Priest (1984) , and Forbes (1986) . Specifically, the downwarddirected reconnection jet terminates at a fast-mode shock. The second new feature is a standing conduction front extending from the X-line to the chromosphere. Field lines threading the reconnection jet between the X-line and the fast-mode shock conduct the heat released by the slow shocks to the chromosphere, and this heating produces the ribbons.
III. MAGNETIC RECONNECTION AND CHROMOSPHERIC EVAPORATION a) Revised Reconnection Model
Because of the presence of strong thermal conduction along the field lines, the usual Petschek-type shocks (Petschek 1964) are replaced by a combination of a conduction front and a slow-mode subshock (Forbes and Malherbe 1986h) . Across the subshock the temperature does not change, but the density and velocity do (Germain 1960) . The strong thermal conduction causes the temperature produced by the slow shocks to be distributed along the entire length of the field line rather than in the region immediately downstream of the subshock.
In this version of the reconnection model the conduction of the thermal energy generated at the slow shocks derives a gentle evaporative upflow from the ribbons whose widths are determined by the distance between the X-line and the fastmode termination shock. Using scaling arguments, Forbes and Malherbe (1986fr) have shown that the heat produced by the slow shocks has the potential to generate an evaporated plasma with a density of ^lO 11 cm" 3 and a temperature of > 10 7 K, values close to those inferred for the X-ray loops (Withbroe 1978) .
The evaporation is expected to produce blueshifts in most, but not all, of the ribbon area. As the leading edge of the ribbons propagates into the undisturbed chromosphere, it will trigger a local, transient redshift similar to that which occurs during the flash phase throughout the entire flaring region (Ishimoto and Kurokawa 1984) . This redshift is due to a temporary downward motion in the cool chromospheric layers below the level of energy deposition, and it occurs simultaneously with the X-ray blueshifts produced by upward motion in the hot layers above the level of energy deposition. This transient response lasts for less than a minute (Fisher 1986) and is replaced by a small, sustained upflow at all levels once the chromosphere has adjusted to the heat input of the reconnec- Fig. 7 . Expected flow pattern for a reconnection model of the gradual phase. The chromospheric evaporation is continually driven by heat released from magnetic field annihilation at the slow-mode subshocks. The narrow redshifted region at the outer edge of a ribbon is due to downward motion of the lower chromospheric level, which occurs when it is suddenly heated by the outward-traveling conduction front (see, for example, Fisher, 1986) . After the chromosphere has adjusted to the additional heat input, the initial downflow is replaced by a sustained upflow.
tion. Ha then exhibits a continual blueshift until the local field line maps to the region downstream of the termination shock.
By multiplying the >40 s duration of the redshift times the <20 km s -1 separation velocity of the ribbons, one obtains 800 km for the average width of the redshifted boundary region of the ribbon. This width (< 1") is less than the effective resolution ( » 2") at the times of our observations, and, therefore, we do not expect to see this redshifted region. Svestka, Martin, and Kopp (1980) have observed some short-lived (< 1 minute) redshifts along small sections of the outer ribbon edges that occasionally form at unusually rapid speeds (>50km s -1 ). Such regions, which are 2"-3" in size, might be spatially resolvable by the MSDP, but their short-lived duration would make them temporally unresolvable because of the 1 minute elapse time of the MSDP operating mode in 1980 and 1981. b) Mass Upflow The mass in the cool, Ha flare-loop systems was first estimated by Kleczek (1964) to be ~10 16 g, for pure hydrogen, assuming a loop length L & 2.5 x 10 10 cm, an average crosssectional area A « 4.0 x 10 17 cm 2 , and a density n » 6.0 x 10 11 cm -3 . This value refers to the instantaneous mass content in the cool loops. However, considering that the Ha emitting plasma periodically flows down the legs of the loops at speeds >50 km s _1 , the total mass circulated over the lifetime i of the loops could be as high as M = m p nAvt & 1.2 x 10 11 g ,
where m p is the proton mass. We have adopted n ä 10 12 cm -3 , in agreement with recent estimates by Zirin (1986) , and assumed an approximate lifetime of i = 10 hr. This estimate corresponds to a replacement of the mass in the cool loops once every 80 minutes.
In the context of the Forbes and Malherbe (1986h) version of the reconnection model, this mass is supplied by an upflow of evaporated plasma from the ribbons. One can roughly estimate the required velocity of this upflow by equating the upward mass flux in the ribbons to the downward mass flux in the base of the Ha loops. That is
where v u , n u9 and A u are the field-aligned flow velocity, particle density, and cross-sectional area of the ribbons and v d , n d , and A d are the corresponding quantities for the Ha loops. The density of the upflowing coronal plasma should correspond to the ^lO 11 cm -3 typical of the hot X-ray loops (Withbroe 1978) . The area of the ribbon is ~3 x 10 19 cm 2 (1.5 x 10 5 km by 2.0 x 10 4 km), whereas the cross-sectional area of the Ha loops is ~4 x 10 17 cm 2 . Thus, if v d ae 50 km s -1 and n d = 10 12 cm -3 , equation (2j predicts t^lOkins" 1 , for the upflow in the hot loops.
Equation (2), as it is written, implies a continuous mass balance between upflows and downflows. In actuality it seems more likely that the "gentle" evaporation proceeds over a fairly long time scale compared to the drainage of the loops after thermal instability sets in. The fact that a thermal instability is likely to operate in this manner is suggested by the early appearance of Ha knots at the top of the loops (~10 minutes) before the material in the loop begins to fall (Bruzek 1964; Martin 1979) . Thus the effective downflow velocity averaged over time is likely to be smaller than 50 km s -1 , and therefore v u could very likely be even smaller than 10 km s _ 1 . Since the Ha seen in the ribbons is generated in a region only slightly hotter than the ambient chromosphere, the energy deposited per particle at the Ha level may not be very large. Most of the energetic particles are at higher levels, and, hence, it is in these upper levels where one expects the greatest acceleration to occur. Nonetheless, since velocity is proportional to the square root of energy, even a small enhancement in the energy per particle could produce a measurable velocity. (E.g., if the energy per particle at the Ha level is 1% of that at the X-ray level, then the upflow velocity at the Ha level would be ~ 1 km s -1 .)
IV. CONCLUSION An analysis of Ha line profiles for three large flares reveals small but long-lived blueshifts in the flare ribbons during the gradual phase. Also observed is the pattern of large redshifts associated with cool Ha flare loops located in the region between the ribbons (i.e., loop prominences). The transition from blueshifts in the ribbons to redshifts in the interior region between them confirms the earlier result of Rust and Bar (1973) that the feet of the loop prominences are located at the inner edges of the flare ribbons.
Because the blueshifts observed in the Ha line could, in principle, be due to either an upward-moving plasma or to a hot, optically thin, downward-moving plasma, we cannot unambiguously state that they indicate an upflow in the ribbons. This ambiguity means that the observed blueshifts are necessary, but not sufficient, evidence to establish the existence of an upflow. There is, however, one aspect of the observed Doppler shifts which mitigates against the interpretation of the blueshifts as downward velocities. It is that the line profiles are often symmetric, a feature which is very difficult to explain with a combination of optically thin plasmas moving at different velocities (Athay 1976) .
Interpreted as an upflow, the blueshifts indicate upward velocities of < 10 km s" 1 during the early part of the gradual phase and < 1 km s" 1 during the later part. Given a density of > 10 11 cm -3 , this is more than sufficient to supply the 10 16 -10 17 g mass required by the cool Ha flare-loop system. We suggest that the mechanism generating the upflow in the ribbons is a gentle chromospheric evaporation driven by heat conduction along field lines connecting the chromosphere to a reconnection site in the corona. We envision the reconnection to occur in a manner somewhat similar to that suggested originally by Carmichael (1964) and later by Sturrock (1966) and Kopp and Pneuman (1976) . We expect the evaporation process to be similar to that considered by Antiochos and Sturrock (1978) for one-dimensional loops, but not identical, because it occurs in the two-dimensional flow context that is essential for reconnection.
